ABSTRACT: Concentrations of Cd, Cu, Fe, Pb and Zn were measured in scales of the seagrass Posidonia oceanica from different areas of the French NW Mediterranean: the Cbte d'Azur and Corsica.
INTRODUCTION
Seagrass Posidonia oceanica (L.) Delile is a good biomonitor of heavy metals because leaves and rhizomes are able to accumulate metals such as mercury (Augier et al. 1977 , Maserti et al. 1988 , copper, lead and cadmium (Chabert et al. 1983 , Malea & Haritonidis 1989 , Gnass~a-Barelli et al. 1991 .
Posjdonia oceanica is perennial; when leaves die, only the blade becomes detached, the sheathing base remains fixed on the nonputrefying rhizome and is then called a 'scale'. Scale thickness shows cyclic variations according to insertion rank along the rhizome. Over a 1 yr period, observation of newly formed scales at the rhizome apex also showed cyclic variations in thickness , Pergent 1987 . This phenomenon allows dating of the scales in the rhizome and has been called 'lepidochronology' (from Greek lepidos, meaning scales; Boudouresque et al. 1983 ). Calmet et al. (1988) reported that at a Mediterranean site the distribution of I3'Cs with time, from 1950 to 1984, in scales of Posidonia oceanica displayed a signal corresponding to I3'Cs activity in the sea, as estimated from terrestrial fallout activity, residence time in the pelagic environment and the half-life of 137Cs. The authors called this phenomenon 'memorization' and hypothesized that scales can record radionuclide contamination, particularly of long-lived radionuclides, over long periods. Pergent-Martini (1992) showed that the variations of copper, zinc and lead concentrations in P. oceanica scales as a function of lepidochronological years were correlated; these variations might be related to those observed in the environment as a function of time.
As a consequence of the results given by the abovementioned authors, Posidonia oceanica, dissected by lepidochronological procedures, may offer a timeseries of certain environmental parameters, and pollutant concentrations in scales may reflect previous levels of pollutants in the environment. In this study, concentrations of cadmium, copper, iron, lead and zinc were measured in dated scales of P. oceanica. Seagrass was collected at the entrance of some pleasure-boat harbours from the CBte d'Azur to evaluate the longterm impact of dilution of antifouling paints on the heavy metal content of P. oceanica. A comparison of results was made with samples collected in the southeast of Corsica ('protected area'), which is considered as a very clean area, far from any harbour.
MATERIALS AND METHODS
Study area. Posidonia oceanica was collected by scuba diving in the infralittoral zone between 0 and 20 m. The choice of sampling stations on the C6te d'Azur took into consideration the abundance of seagrasses and the well-known impact of coastal development on the infralittoral zone along the coastline (Meinesz et al. 1990 ). Fig. 1 shows the study area (C6te d'Azur and Corsica) and details the sampling stations.
The station 'Cap Martin' is situated in a n area of shallow bottoms occupied by waterfront developments built on the sea (e.g. new and old pleasure boat harbours, artificial beaches) representing an occupation rate of 19.7 % (Meinesz et al. 1990) . TWO samplings were performed there on 23 October 1992 and 20 April 1993. The 2 stations at Villefranche-sur-Mer are located in a less-developed zone (occupation rate 9.10 %; Meinesz et al. 1990 ); Rochambeau station is used as a mooring by pleasure boats in summer, whereas La Darse station is situated in the channel leading into the pleasure-boat harbour and shipyard of Villefranchesur-Mer. Collection of Posidonia oceanica was performed on 19 May 1992 and 4 June 1992 from Rochambeau and La Darse, respectively. A sampling was also performed in Corsica in the protected area of Lavezzi (Natural Park) facing the Gavetti Islands, near Bonifacio (Fig. 1) .
Lepidochronological analysis.
sis was performed according to Pergent (1987) . For each rhizome, the sheaths (scales) were carefully detached and numbered according to their insertion rank from the older (near the base) to the more recent (near the living leaves). Scales belonging to the same lepidochronological year were then grouped together. A lepidochronological year corresponds to a period of approximately 1 yr during which scale thickness ranges from one minimum value to another one. Chemical analyses. Samples were carefully rinsed with ammonium formate (88 g 1-l) and dried to constant weight (60°C). Digestion of samples was carried out according to Romeo et al. (1992) . Metal concentrations were determined by atomic absorption spectrophotometry (GBC 904 AA) with flame for Cu, Fe and Zn and with a graphite furnace (GBC 3000 with PAL 3000 autosampler) for Cd and Pb. Deuterium background was used when necessary. The analytical procedure was checked using standard reference material (sea lettuce Ulva lactuca, CRM 279) provided by the Community Bureau of Reference (Commission of the European Community).
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RESULTS
Mean metal concentrations (k 1 standard deviation) in the scales ot Posidonla oceanlca are shown in Tables 1 to 4 for the stations Coisica Rochambeau, La Darse and Cap Martin lespectively For this last station, data from 2 sampling dates were glouped together as there were not significant difierences in metal concentrations between dates In the tables, 'n' is the numbei of samples of P oceanica collected independently on the sea floor Each sample comprised ca 8 to 12 scales belonging to the same lepidochronological year P oceanlca samples collected at the same site are not necessarily of the same age, therefore some younger P oceanlca did not yet have very old scales Nevertheless, the mean number of lepidochronological years (MNLY) was evaluated and P oceanjca rhizomes presented an MNLY of 10 for the 2 stations at Villefranche-sur-Mer and 7 for Cap Martin, whereas the MNLY reached ca 20 yr in the samples from Corsica. As can be seen from the low standard deviations of the means displayed in Tables 1 to 4 , P oceanlca scales taken at the same sampling site that are of the same lepidochronological age (therefore of the same physiological state) have nearly the same metal concentration. In contrast, we observed that when P. oceanlca scales of the same age are sampled in different places, they may have different metal concentrations; this wlll be discussed below.
The variations for each metal as a function of lepidochronological years are displayed in Fig. 2a to e for cadmium, copper, iron, lead and zinc, respectively.
DISCUSSION
Two ~a t h w a v s exist for the accumulation 14.6 + 7.5 828 + 370 12.0 + 6.9 2 1 t 6 I rhizomes and leaves. This same dualltv of 1989): (1) direct uptake from the water column or (2) uptake from the interstitial pathways exists for other solutes (e g phosphorus) and both accumulation routes may be operative in the same plant (Denny 1980) In a fleld situation it is clearly difficult to distinguish between the 2 possible uptake vectors the least ambiguous 'integrator' of metal bioavailability in the sediments will be the metal levels in the underground pal t of the plant, including the roots and rhizomes, and simple I elatioilships between metal concentrations in the plant and total metal concentrations In the sedi-I I ments were rarely observed, as underlined by Campbell & Tessier (1989) . Nevertheless, very low, which minimises its role in metal storage. Polyphosphate bodies, refractive intracellular inclusions composed mainly of condensed polyphosphates, lipids and proteins, may also provide a storage site for metals. They have been found in microalgae exposed to Cd, CO, Cu, Hg, Ni, Pb and Zn (Jensen et al. 1982) and in the marine alga Macrocystis pynfera (Walsh & Hunter 1992) treated with Cd. tween copper and lead concentrations in Potamogeton Trace metal contents found in the scales of Posidonia crispus and P. perfoliatus (species belonging to the oceanica will be discussed as a function of lepidoFamily of Potamogetonaceae, as do Zostera manna chronological years and of sampling sites taking into and Posidonia oceanica) and in sediment.
account the accumulation pathways of the aboveIn the case of Posidonia oceanica, Maserti et al. mentioned metals.
(1991) showed a mercury content of 0.27 * 0.05 pg Hg g-' dry wt in the scales of samples collected in front of a chlor-alkali plant near Livorno (Tyrrhenian Sea) Cadmium while scales sampled in a nonpolluted area contained 0.02 + 0.01 pg Hg g-' dry wt. These contents were corThe case of Cd (Fig. 2a) is interesting since scales related with mercury levels in the sediments but not collected in the cleanest area showed a higher content with dissolved mercury levels which were the same in of this metal (1.22 * 0.50 pg Cd g-l, n = 96 samples, all the 2 studied areas. The authors concluded that the lepidochronological years put together) than scales uptake of mercury in P. oceanica occurred mainly from other areas (0.72 * 0.56 pg Cd g-l, n = 88). Differthrough the root apparatus, but they did not exclude ences between the means were significant (t-test, sigthat the metal can also be taken up from the water at a nificant at p < 0.001). Cadmium concentrations in Posilower rate by the leaves. donia oceanica scales from Corsica fluctuated as a Apart from environmental conditions (trace metal function of lepidochronological years whereas a slight concentrations in water or in sediments), the physiodecrease with time was generally observed in samples logical state of the seagrass is important when considerfrom the Cdte d'Azur. ing heavy metal uptake. The specific tissues studied in Carlotti et al. (1992) reported cadmium concentrathis paper are the scales of Posidonia oceanica (sheathtions in Posidonia oceanica scales collected In Corsica ing bases attached to the rhizomes). Recently, Pergent et (in the protected area of Scandola, northwest Corsica; studied the decay kinetics of carbon, nitrogen Tables 1 to 4 for Corsica, Rochambeau, La Darse, and 0 C a p Martin, respectively 1975 1978 1981 1984 1987 1990 1' concentrations in the waters of this area as a function of time. On the other hand, P. oceanica scales sampled in a bay ('Anse d e la Beaumaderie') subjected to considerable industrial pollution from the Gulf of Fos, the river Rh6ne and the city of Marseilles, France, showed a mean value of 3.5 pg Cd g-l, not varying with lepidochronological years (Carlotti et al. 1992 ). This value is higher than our mean value for Corsica (1.22 pg Cd g-l) and much higher than what we reported for the sampling stations on the CBte d'Azur. If we assume that Cd in seagrass tissues reflects Cd in the water, as observed by Lyngby & Brix (1982) for the tissues of Zostera manna,
higher Cd values found in the scales from Corsica may be due to a natural phenomenon such as the upwelling of deep waters rich in cadmium. Such an explanation was given by Pergent-Martini (1992) who found elevated cadmium concentrations: mean values ranging from 2.50 (1970) to 1.90 pg Cd g - ' (1990) in Posidonia oceanica scales sampled in the Bay of Calvi (northwest Corsica; Fig. 1 ). More generally, Fowler (1990) reported surface enrichment in waters (up to 13.8 ng Cd 1-l) from some areas of the Mediterranean; however, it was not evident whether this enrichn~ent was due to natural or anthropogenic sources.
Copper
Copper concentrations (Fig. 2b) in Posidonia oceanica scales from Corsica showed little variation as a function of lepidochronological years. These values are in good agreement with those reported by Pergent-Martini (1992) : a variation range of 7 to 15 1-19 Cu g-' in scales dated from 1975 to 1991 (P. oceanica collected from Calvi). A significant decrease as a function of lepidochronological years was observed in copper concentrations in P. oceanica scales from Rochambeau and from Cap Martin, whereas an increase in concentrations was observed in samples from the harbour of La Darse. Copper concentrations in P. oceanica scales dated in the lepidochronological years 1983 to 1985 were relatively high and not significantly different at the 2 sampling stations at Villefranche-sur-Mer, i.e. Rochambeau and La Darse. These values could reflect the copper concentrations found in sediments of the studied area, at the period when scales were formed. High copper concentrations were reported for superficial sediments collected in 1980 from the same sampling stations (>40 pg Cu g-' dry sediment; Rapin & Fernex 1981) . From the lepidochronological year 1985, copper concentrations in scales collected from La Darse harbour began to increase and were higher than in scales from Rochambeau. Means, calculated for all lepidochronological years, reached 34.3 + 11.1 pg Cu g ', n = 37 for La Darse, which is significantly higher (ttest, significant at p < 0.001) than the mean of 15.6 9.3 pg Cu g", n = 17 for Rochambeau. These high Cu concentrations in scales from La Darse may be due to the influence of antifouling paints, from boat hulls or used in the nearby shipyard. Claisse & Alzieu (1993) reported an increase of copper content in oysters harvested in a zone located in the vicinity of marinas and mooring areas. This increase, recorded since 1982, may be attributable, according to the authors, to the growing use of copper paints subsequent to the antifouling paint regulations adopted in France in 1982. Stephenson & Leonard (1994) found an increase of copper from 1977 to 1990 in the coastal marine waters of California, USA, which appeared to be related to increased traffic and use of new, copolymer antifouling paints.
Iron
Iron concentrations (Fig. 2c) in Posidonia oceanica scales always showed higher values in samples from the C6te d'Azur than in those from Corsica. Moreover, they significantly decreased as a function of lepidochronological years. For instance, concentrations ranged from 2557 (1985) to 426 pg Fe g -' (1992) in Rochambeau samples and from 828 (1978) to 109 1-19 Fe g. ' (1992) in Corsi.ca samples. The same decrease was observed by Pergent-Martini (1992) on P. oceanica scales collected from Calvi: the values ranged from 1200 (1975 ) to ca 200 pg Fe g-' (1991 . This author stated that the decrease does not necessarily reflect a decrease in pollution but may result from temporary physicochemical characteristics of the environment or from biochemical modifications linked to the biology of the species. More metal binding sites (e.g. -OH, -SH) may be liberated on perennial cellulose cell walls and become available for iron uptake as scales are aging. Another hypothesis to explain the high iron concentrations found in the scales of P. oceanica could be that ferrous iron diffusing from reducing zones in sediments (as reported by Fowler 1982 ) is oxidized at the scale surface and remains adsorbed. This would result in higher concentrations in basal scales, which are the oldest and the nearest to the sediments.
Lead
Lead concentrations (Fig. 2d) in Posidonia oceanica scales from Corsica varied little as a functi.on of lepidochronological years from 1979. At the 3 other sampling stations (CBte d'Azur), concentrations were high, particularly at La Darse (26.1 pg Pb g-', lepidochronological year 1983) and Rochambeau (39.5 pg Pb g-', 1984) , and highly variable with time. Lead concentrations in superficial sediments from the sampling area at Villefranche-sur-Mer (Rochambeau and La Darse) were reported to be high (>200 pg g-l; Rapin & Fernex 1981) . Adsorption of lead released from sediments (Fowler 1982) onto the cellulose cell wall of P. oceanica scales may have occurred. Uptake experiments carried out with 2'0Pb and marine algae demonstrated that lead is easily bound to algal surfaces (Fisher et al. 1983 ). However, a significant decrease as a function of lepidochronological years was observed, lead contents in scales of P. oceanica from the CBte d'Azur dated in 1992 were nearly the same as those found for Corsica samples. High lead concentrations were recorded in phytoplankton and zooplankton organisms collected along the coastline between Nice and Villefranchesur-Mer (Romeo et al. 1985) whereas the same organisms presented much lower lead concentrations when sampled in the open sea in a transect between Nice and Corsica. Romeo et al. (1985) suggested that plankton organisms were polluted by fallout from atmospheric lead. Lead, in tetra-ethyl form, is emitted into the atmosphere by car exhausts. Fowler (1990) emphasized that the major source of Pb to the coastal zone is atmospheric input. Lead enters the NW Mediterranean Sea through both rainfall and dry deposition (Migon et al. 1991) . P. oceanica scales may, therefore, memorize the progressive decrease in lead concentrations in sea water recorded between 1986 and 1992 in our sampling area and attributed to the increasing use of unleaded gasoline (Migon et al. 1993 ).
Zinc
Zinc concentrations (Fig. 2e) in Posidonia oceanica scales from Corsica were found to be low compared to those from the Cote d'Azur. They showed a great stability as a function of lepidochronological years. whereas a decrease was observed in samples from the 3 sampling stations on the Cdte d'Azur Generally, the variations of zinc concentrations in P. oceanica scales paralleled those of iron and lead. Diffusion from the nearby sediments and coprecipitation with iron may also take place in the oldest scales.
CONCLUSIONS
Among the results reported here (5 metals analysed on ca 180 samples of scales), without taking into account the concentrations of copper in scales from the harbour at La Darse (Villefranche-sur-Mer), there was a general tendency for metal concentrations in Posidonia oceanica scales collected on the Cote d8Azur to decrease as a function of lepidochronological years, the oldest scales having the highest metal concentrations (analysis of lepidochronological years from 1982 to 1992). Scales of P. oceanica collected in Corsica (analysis of lepidochronological years from 1972 to 1992), a very clean area from the Mediterranean, showed lower copper, iron, lead and zinc concentrations than those from the C6te d'Azur with a decrease as a function of time for iron and lead concentrations. Higher cadmium concentrations were recorded in P. oceanica scales from Corsica; the reasons (which may be natural) for these high values are still unknown and deserve further attention. In the channel leading to the pleasure-boat harbour at Villefranche-sur-Mer, high copper concentrations were determined in P. oceanica scales; these concentrations increased as a function of lepidochronological years.
The analysis of heavy metals in Posidonia oceanica scales may provide a suitable retrodating biomonitor in the case of cadmium, copper and lead. Iron and zinc concentrations may be less suitable as biomonitors since these metals may diffuse from nearby sediments. Posidonia oceanica, widely spread over the western and eastern Mediterranean, has been reported to be a good bioindicator species. Nevertheless, this species is sensitive to acute levels of pollution, being absent near sewage outfalls (Peres & Picard 1975) . However, the seagrass can also be considered as a good biomonitor as defined by Rainbow & Phillips (1993), the term biomonitor denoting an aquatic species which accumulates trace metals in its tissues and may therefore be analysed to monitor the bioavailability of such contaminants in estuarine or coastal ecosystems. Biomonitors must also provide time-integrated measures of the bioavailable metals. In this study, the pooling together of scales of P. oceanica belonging to the same lepidochronological year allowed us to smooth out possible seasonal variations, since Panayotidis et al. (1990) observed a n annual cycle of bioaccumulation of Cu, Cd and Cr in the scales of P. oceanica. Fowler (1986) noted no significant differences in metal concentrations in similar organisms from the Mediterranean between 1974-75 and 1977 and emphasized that the 2 yr interval is short and may not be sufficient to register changes brought about by anthropogenic sources. The study of trace metal concentrations in dated scales of P. oceanica (which may be 10 or 20 yr old) could allow a global monitoring programme in Mediterranean coastal areas with good feasibility and would not be hampered in terms of costs.
